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Phosphate homeostasis in multicellular eukaryotes depends on both phosphate inﬂux and efﬂux.
The mammalian Xenotropic Polytropic Virus Receptor 1 (XPR1) shares homology to the Arabidopsis
PHO1, a phosphate exporter expressed in roots. However, phosphate export activity of XPR1 has not
yet been demonstrated in a heterologous system. Here, we demonstrate that transient expression in
tobacco leaves of XPR1-GFP leads to speciﬁc phosphate export. Like PHO1-GFP, XPR1-GFP is localized
predominantly to the endomembrane system in tobacco cells. These results show that tobacco
leaves are a good heterologous system to study the transport activity of members of the PHO1/
XPR1 family.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Acquisition of inorganic phosphate (Pi) from the extracellular
space into cells has been well characterized across prokaryotes
and eukaryotes. Pi import is principally mediated in animals by
Na+-dependent Pi transporters belonging to the NaPi-II and PiT
families [1], and in plants by H+-dependent Pi transporters of the
PHT family [2]. However, beyond Pi import, Pi homeostasis in mul-
ticellular eukaryotes is dependent on Pi ﬂux across different tissues
and organs necessitating controlled Pi efﬂux out of cells. In fungi, Pi
efﬂux mediated by a yet unknown protein is a key step in mycor-
rhizae symbiosis as the fungus supplies the plant root with Pi in
exchange for carbohydrates [3]. In plants, the supply of Pi from
roots to shoots requires the export of Pi out of cells surrounding
root xylem vessels. In mammals, efﬂux of Pi is an obligatory step
at the basolateral side of the kidney proximal tubule and small
intestine epithelial cells for Pi transfer to the blood stream [4].
Despite the importance of Pi efﬂux to Pi homeostasis, very little
is known about transporters involved in this process.
The Arabidopsis thaliana PHOSPHATE 1 (PHO1) was the ﬁrst pro-
tein identiﬁed to mediate Pi export in eukaryotes [5]. The PHO1gene is expressed in cells of the root vascular cylinder and
mutation of the gene leads to a defect in Pi export to root xylem.
PHO1 is predominantly localized in the Golgi and trans-Golgi net-
work (TGN) [6]. PHO1 is composed of a large hydrophilic N-termi-
nal region harboring a SPX domain (Prosite domain PDOC51382),
and of a region with several trans-membrane spanning domains
harboring an EXS domain (Prosite domain PDOC51380) [7]. Ectopic
expression of PHO1 in both Arabidopsis and tobacco leaf cells was
recently shown to lead to speciﬁc Pi export in the extracellular
medium [6]. Proteins homologous to PHO1 and possessing both
SPX and EXS domains are found in all multicellular eukaryotes se-
quenced so far, from ﬁlamentous fungi, plants, insects and mam-
mals. In mammals, the PHO1 homologue was initially identiﬁed
as Xenotropic Polytropic Virus Receptor1 (XPR1), a protein acting
as a surface receptor for a class of gammaretroviruses [8,9]. While
PHO1 in plants is involved in Pi efﬂux into the xylem [5,6,10], the
function of the mammalian XPR1 as a potential ion transporter re-
mained enigmatic more than a decade after its discovery, largely
due to the failure to detect Pi transport activity when expressed
in Xenopus oocytes. However, a recent study showed that modula-
tion of XPR1 expression in in vitro mammalian cultured cells af-
fects Pi export [11]. Yet, demonstration of Pi export activity of
the mammalian XPR1 in a heterologous expression system is lack-
ing. Here, we report that heterologous expression of XPR1, and of a
truncated version without the N-terminal SPX domain, in leaves of
wild tobacco (Nicotiana benthamiana) led to speciﬁc Pi export, thus
directly supporting the role of XPR1 as a Pi exporter.
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2.1. Cloning
Full length (a.a. 1–695 = XPR1) and truncated (a.a. 481–
695 = TMX) Mus musculus XPR1 cDNA and genomic DNA
corresponding to full length (a.a. 1–782 = PHO1) Arabidopsis
PHO1 coding region were cloned into binary plant expression
vectors pMDC83 and modiﬁed pMDC32 (= pMDC32P), where the
2xCaMV35S promoter was replaced by 2.1 kbp of the Arabidopsis
PHO1 gene promoter and transformed in Agrobacterium tumefac-
iens. As a standard procedure, genomic DNA was chosen for PHO1
as PHO1 cDNA is known to be unstable in bacteria. A cDNA was
chosen for mammalian XPR1 and truncated XPR1 to avoid inaccu-
rate splicing of animal-derived introns in a plant expression
system.2.2. Plant growth, transformation and anion export assay
Arabidopsis (ecotype Col-0) and tobacco plants were grown as
described elsewhere [6]. For transient expression, tobacco plants
were inﬁltrated with transformed Agrobacterium as described pre-
viously [6], using the pMDC83 constructs with a constitutively ac-
tive promoter. Floral dip method [12] was used for stable
transformation of Arabidopsis pho1–4 mutant [5] with pMDC32P
constructs for PHO1-promoter driven expression. All stably trans-
formed lines were segregating the hygromycin phosphotransferase
marker gene. Transgenic plants were thus selected by putting
seeds on half-strength Murashige and Skoog (MS) plates contain-
ing 25 lg/ml hygromycin for 2–3 days, before transferring them
to similar medium without antibiotics for 6 days. Plants were sub-
sequently transferred to pots and grown at 22 C, 16 h light, for
26 d before pictures were taken and Pi content was measured. Be-
cause of this selection scheme, transgenic pho1 plants comple-
mented with the PHO1-GFP construct were chosen as control
instead of non-transgenic wild-type plants. Pi and nitrate export
assays of tobacco leaves and Arabidopsis plants were performed
as previously described [6].2.3. Protein detection
Proteins from transiently transformed tobacco leaves were ex-
tracted from homogenized leaves at 4 C, excluding major plant
veins using an extraction buffer containing 50 lM Tris pH 7.5,
15 mM NaCl, 10% glycerol, 5 mM EDTA, 5 mM EGTA, 1 mM DTT,
1 mM PMFS, 2% PVP, 1% Triton X-100 and 1 Roche protease inhib-
itor complete Mini. For protein separation, SDS was replaced by
LDS (Sigma) in all steps. For LDS–PAGE, 50 lg of total protein were
mixed with Laemmli-buffer and loaded and run on a 10% acrylam-
ide gel. Afterwards, proteins were transferred by wet Western blot
to an Amersham Hybond-P PVDF membrane (GE healthcare).
Membrane was washed brieﬂy in TBS-T (50 mM Tris, 150 mM
NaCl, pH 7.6 adjusted with HCl, 0,05% Tween-20), blocked in
TBS-T 5% BSA (Sigma), washed, incubated 2–4 h with MACS molec-
ular Anti-GFP-HRP antibody (Miltenyi Biotec) at a 1:10000 dilution
in TBS-T and washed. Signal was detected using the Optiblot ECL
Max Detect Kit (Abcam) and a GE healthcare ImageQuant RT ECL
Imager.2.4. Confocal microscopy
Localization of XPR1 and TMX in Arabidopsis root and their co-
localization with various marker-proteins in transiently trans-
formed tobacco epidermis cells was performed using either a ZeissLSM 700 confocal microscope with an Apochromat 63 Water
immersion DIC objective with a 1.2 NA or a Zeiss LSM 710 NLO
with an Apochromat 63 Water–Oil immersion objective with a
1.2 NA equipped with a Ti:Sapphire Chameleon Ultra II infrared la-
ser for 2-photon acquisition.3. Results
To investigate XPR1 function, we used two different ap-
proaches: constitutive but transient expression in wild-type tobac-
co leaves, and tissue speciﬁc stable expression in the Arabidopsis
pho1–4 null mutant. In all experiments, the Arabidopsis PHO1
was used as a control for a protein known to mediate Pi export
in both Arabidopsis and tobacco [6]. PHO1 and XPR1 share a com-
mon domain organization with an N-terminal hydrophilic SPX do-
main sub-divided into three subdomains (referred as SPX1, SPX2
and SPX3), a region predicted to harbor four transmembrane heli-
ces (4TM) and a hydrophobic C-terminal region containing an EXS
domain (Fig. 1A). A full-length cDNA of the mouse XPR1 and trun-
cated version without the SPX domain (construct named TMX)
were cloned into plant expression vectors pMDC83 and pMDC32P
(Fig. 1B). pMDC83 carries two copies of the cauliﬂower mosaic
virus 35S promoter (2xCaMV35S), and a copy of enhanced GFP
downstream of the Gateway cassette for C-terminal GFP-fusion
(Fig. 1B). Inﬁltration of tobacco leaves with Agrobacterium carrying
the pMDC83-derived constructs leads to a transient high level of
protein expression in leaf epidermal and mesophyll cells. These
constructs were used for co-localization studies and to investigate
anion export activity of XPR1.
The pMDC32P-derived constructs, which also contain an en-
hanced GFP for C-terminal GFP-fusion, express transgenes under
the control of the Arabidopsis PHO1 promoter (Fig. 1B). Stable
transformation of pho1–4with these constructs leads to expression
of the GFP fusion proteins in the root central cylinder, where the
PHO1-promoter is active, [5,6] and allowed testing for complemen-
tation of the pho1–4 mutant by examining growth and Pi content
in leaves.3.1. XPR1 and TMX are localized to similar subcellular organelles as
PHO1
At the subcellular level, the Arabidopsis PHO1-GFP fusion pro-
tein is predominantly localized in the Golgi and trans-Golgi net-
work (TGN) (Supplementary Fig. S1) [6]. In contrast, the
Arabidopsis PHO1-like protein SHB1 was shown to be primarily
localized to the nucleus [13]. The subcellular localization of the
XPR1-GFP was thus determined by examining epidermal cells from
tobacco leaves co-expressing XPR1-GFP and marker proteins for
distinct sub-cellular compartments labeled with ﬂuorescent pro-
teins. Co-expression was achieved by co-inﬁltration of tobacco
leaves with two Agrobacterium strains carrying the different con-
structs. Marker proteins include CBL1-OFP, H2B-RFP, Er-rk-mCher-
ry, ManI-RFP and RFP-SYP61 previously shown to localize to the
plasma membrane [14], nuclear matrix [15], endoplasmic reticu-
lum (ER) [16], the Golgi [17] and TGN [18], respectively. Inﬁltration
with GFP that localizes to the cytosol and nucleus was also in-
cluded (Figs. 2A and 3A). Co-expression studies revealed that
XPR1 co-localized best with the ER-marker Er-rk (Fig. 2B). A por-
tion of XPR1 co-localized with the Golgi-marker ManI while lim-
ited overlap occurred with the TGN-marker SYP61 (Fig. 2C, D).
However, XPR1 did not co-localize with histone H2B, excluding a
nuclear localization (Fig. 2E). No co-localization of XPR1 with the
plasma membrane marker CBL1 was observed under our condi-
tions (Fig. 2F). Truncated XPR1, lacking the N-terminal SPX domain
AB
Fig. 1. Alignment of Arabidopsis thaliana PHO1 and Mus musculus XPR1 and constructs used for transient or stable expression of XPR1 and PHO1 in plants. (A) Alignment of
PHO1 and XPR1 using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The SPX domain, divided in three subdomains, is indicated in yellow, the predicted four a-
helices (4TM) is indicated in green and the EXS domain indicated in red. (B) Schematic diagram of the constructs used to express XPR1 and PHO1 in plants. A truncated
version of XPR1 (named TMX) does not possess the SPX domain. cDNA of mouse XPR1 and TMX, as well as genomic DNA of Arabidopsis PHO1 containing 14 introns (striped
pattern), were cloned into two plant expression vectors containing an enhanced GFP (dark green) for C-terminal GFP-fusion. The expression vector pMDC83 contains a double
copy of the constitutive cauliﬂower mosaic virus 35S promoter (2xCaMV35S, dark blue), while the expression vector pMDC32P contains the Arabidopsis PHO1 promoter
(brown).
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and SYP61, respectively, but not with the ER marker Er-rk
(Fig. 3B–D). Like for full length XPR1, no nuclear or plasma mem-
brane localization were observed for TMX (Fig. 3E and F).3.2. XPR1 and TMX mediate Pi efﬂux out of tobacco leaves
PHO1 is predominantly expressed in cells of the root central
vascular system [5,6] and direct functional investigation of
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Fig. 2. Co-expression of XPR1-GFP with different subcellular markers in tobacco epidermal cells. Tobacco leaves were inﬁltrated with A. tumefaciens strains harboring free
GFP as a control (A) or co-inﬁltrated with A. tumefaciens strains harboring XPR1-GFP and either the ER-marker Er-rK-mCherry (B), Golgi-marker ManI-RFP (C), TGN-marker
RFP-SYP61 (D), nuclear-marker H2B-RFP (E) or plasma membrane-marker CBL1-OFP (F). GFP-signal is shown in green in the left panel while chlorophyll autoﬂuorescence-,
mCherry-, RFP- and OFP-signals are shown in magenta in the middle panel as indicated, co-localization of green and magenta signals appears in white in the right panel. Scale
bars = 10 lm.
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ous experiments showed that ectopic expression of PHO1-GFP in
leaf epidermal and mesophyll cells of tobacco leads to Pi efﬂux
[6]. XPR1-mediated Pi export activity was assessed in sections of
tobacco leaves transiently expressing XPR1-GFP and truncated
TMX-GFP (Fig. 4). PHO1-GFP and free GFP were expressed aspositive and negative controls, respectively. Sections of tobacco
leaves where a majority (>90%) of cells expressed the proteins, as
determined by ﬂuorescence, were used to measure Pi export
(Fig. 4A). Expression of GFP chimeric proteins of the expected
molecular weight, i.e. 110 and 80 kDa for XPR1-GFP and TMX-
GFP, respectively, was also detected in the same leaves (Fig. 4B).
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Fig. 3. Co-expression of TMX-GFP with different subcellular markers in tobacco epidermal cells. Tobacco leaves were inﬁltrated with A. tumefaciens strains harboring free GFP
as a control (A) or co-inﬁltrated with A. tumefaciens strains harboring TMX-GFP and either the ER-marker Er-rK-mCherry (B), Golgi-marker ManI-RFP (C), TGN-marker RFP-
SYP61 (D), nuclear-marker H2B-RFP (E) or plasma membrane-marker CBL1-OFP (F). GFP-signal is shown in green in the left panel while chlorophyll autoﬂuorescence-,
mCherry-, RFP- and OFP-signals are shown in magenta in the middle panel, co-localization of green and magenta signals appears in white in the right panel. Scale
bars = 10 lm.
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bacco leaves. The measured Pi efﬂux for both fusion proteins were
4-fold higher compared to control leaves expressing free GFP while
it was 8-fold higher in PHO1-GFP control (Fig. 4C). To investigate
the speciﬁcity of anion efﬂux mediated by XPR1-GFP andTMX-GFP and exclude a more general ion leakage out of mem-
branes, nitrate efﬂux was measured in parallel to Pi efﬂux. No dif-
ferences in nitrate efﬂux were observed between XPR1-GFP, TMX-
GFP, GFP and non-inﬁltrated control leaves (Fig. 4C), suggesting
speciﬁc Pi efﬂux mediated by XPR1 and no general ion leakage.
Fig. 4. XPR1 and TMX are involved in Pi export. (A) Overview of transformed tobacco epidermal cells. Confocal images with GFP in green and light transmission images in
grey are merged. Scale bars = 20 lm. (B) Immunoblot analysis using GFP antibodies of protein extracts from tobacco leaf sections expressing XPR1-GFP (110 kDa) or TMX-
GFP (80 kDa). Arrowheads on the right correspond to molecular weight markers. (C) Export of Pi and nitrate into the extracellular medium after 60 min from sections of
tobacco leaves inﬁltrated with A. tumefaciens containing either PHO1-GFP, XPR1-GFP, TMX-GFP, or GFP, or from non-inﬁltrated leaves. Data are means ± S.E. (n = 4).
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pho1–4 mutant
To investigate whether XPR1 can complement PHO1 function in
Arabidopsis, the Arabidopsis pho1–4 knockout mutant was stably
transformed with the XPR1-GFP and TMX-GFP genes expressed un-
der the control of the PHO1 promoter (Fig. 1B). Expression of XPR1-
GFP in the cells of the vascular cylinder gave a net-like pattern con-
sistent with its localization to the ER but no ﬂuorescent punctuate
structures similar to the ones observed in tobacco, indicating the
absence of localization to the Golgi/TGN compartment (Fig. 5A).
In contrast, like in tobacco, TMX-GFP was localized to punctuate
structures in Arabidopsis roots, consistent with its localization to
the Golgi and TGN (Fig. 5A). A similar pattern of ﬂuorescence in
Golgi/TGN was previously described for PHO1-GFP in tobacco
leaves and Arabidopsis roots [6] (Fig. 5A).
While expression of PHO1-GFP in pho1–4mutant led to comple-
mentation of both the growth phenotype and the leaf Pi content,
expression of either XPR1-GFP or TMX-GFP failed to complement
these phenotypes, indicating that either none of these proteins
can mediate Pi export out of the cells of the vascular cylinder
and into the xylem vessels of Arabidopsis roots or that their levels
of activity are below a minimal threshold (Fig. 5B–D). While plants
expressing full length XPR1-GFP are similar to pho1–4 mutant
plants, plants expressing TMX-GFP are slightly smaller than
pho1–4. The reason for this effect is unclear. It is possible that
TMX interferes with endogenous proteins containing SPX or EXS
domains, which might have a negative impact on overall plant
growth.
4. Discussion
Several receptors for retroviruses have been functionally ex-
pressed in Xenopus oocytes following their identiﬁcation, allowing
the assignment of the gibbon ape leukemia virus receptor to thesodium-dependent phosphate symporter PIT-1 [19] and the eco-
tropic murine retrovirus receptor to the cationic amino acid trans-
porter CAT-1 [20,21]. In contrast, the function of XPR1 remained
elusive for over a decade after its initial identiﬁcation as the recep-
tor for the xenotropic and polytropic murine leukemia virus [8,9].
Analysis of phosphate uptake into rat ﬁbroblast or Chinese hamster
ovary (CHO) cells expressing the XPR1 ortholog from human or
wild mice failed to reveal a clear role for XPR1 in phosphate trans-
port [22]. Recently, Giovannini et al. [11] have shown that down-
regulation of endogenous XPR1 in a variety of mammalian cell
lines and stem cells led to a speciﬁc reduction in Pi export, that
could be re-established by expression of different metazoan ver-
sions of XPR1. However, attempts to detect such Pi export activity
through the expression in Xenopus oocytes of either full length
XPR1 or a truncated version without the SPX domain consistently
failed to reveal Pi export activity (D. Firsov, University of Lausanne,
personal communication; L. Batini, University of Montpellier, per-
sonal communication). Similarly, expression of the Arabidopsis
PHO1 protein in Xenopus oocytes also consistently failed to reveal
its role in Pi export (M. Jabnoune, J. Montpetit and Y. Poirier,
unpublished results). Xenopus oocytes thus appear not to be an
adequate system for the functional expression of members of the
PHO1/XPR1 family. In contrast, the demonstration that expression
of either PHO1 or XPR1 in tobacco leaves leads to speciﬁc Pi export
provides a strong conﬁrmation of the role of XPR1/PHO1 family
members in Pi export. There are few examples of the functional
expression of mammalian transporters in plant cells. Functional
expression of the human CMP-sialic acid transporter and the mul-
tidrug resistance-associated protein MRP1 have been demon-
strated in tobacco, while neither of them have been reported to
be functionally expressed in Xenopus oocytes [23,24].
Tobacco cells expressing XPR1 and its SPX-truncated version
show localization to the endomembrane system, with XPR1 pri-
marily to the ER and Golgi and the truncated version to the Golgi
and TGN. No detectable co-localization with a plasma membrane
A B
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Fig. 5. Stable expression of XPR1-GFP, TMX-GFP and PHO1-GFP in the Arabidopsis pho1mutant. The pho1mutant was transformed with either PHO1-GFP, XPR1-GFP or TMX-
GFP under the control of the PHO1 promoter. (A) Overview of roots from transformed plants. Confocal images with GFP in green and light transmission images in grey are
merged, except for the higher magniﬁcation image of XPR1-GFP (lower left corner), which was obtained by 2-photon confocal microscope. Scale bars = 20 lm. (B) Phenotypes
of three independent plant lines expressing XPR1-GFP (middle lane, plant lines 12, 34 and 37) or TMX-GFP (right lane, plant lines 11, 23 and 32) in the pho1 background are
compared to the complemented pho1 expressing PHO1-GFP (top left, compl.) and the untransformed pho1mutant (bottom left). Scale bar = 7 cm. (C) Fresh weight of rosettes
of plants shown in B. (D) Pi content of rosettes of plant shown in B. Data for C and D are means ± S.E. (n = 10).
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tern of expression may be due to expression of XPR1 in a non-
mammalian host, it is interesting to note that a similar localization
of the Arabidopsis PHO1 to the Golgi/TGN, but not detectable at the
plasma membrane, was also observed in tobacco cells that export
Pi upon PHO1 expression (this study and [6]). It was previously
hypothesized that, at steady state level, only a minor fraction of
PHO1, not detectable by ﬂuorochrome emission, would be local-
ized to the plasma membrane and that it would be this minor frac-
tion that would be responsible for Pi export. Alternatively, PHO1
could be loading Pi into Golgi-derived vesicles, followed by release
of Pi to the extracellular space via exocytosis and recycling of PHO1
away from the plasma membrane [6]. It is thus possible that sim-
ilar mechanisms are involved for the Pi export mediated by XPR1 in
plants or in mammals. While detailed studies aimed at determin-
ing the localization and dynamic of XPR1 in mammalian cells are
needed to address this question, the current work shows that to-
bacco cells have the cellular machinery necessary to support
XPR1-mediated Pi export.
While expression of XPR1 leads to Pi export in tobacco,
expression of the same protein in the vascular cylinder of Arabid-
opsis roots failed to rescue the Pi export defect of the pho1
mutant. The reasons behind this lack of functional complementa-
tion of Pi export activity in Arabidopsis roots are unknown. It ispossible that post-translational modiﬁcations of XPR1 and of
the truncated TMX may be different in tobacco compared to
Arabidposis roots, resulting in distinct activities or sub-cellular
localization. This may explain why XPR1 appears to be retained
in the ER in Arabidopsis but reaches the Golgi and TGN in
tobacco. The results nevertheless highlight that transient over-
expression in tobacco cells maybe a more permissive system
allowing the detection of Pi export activity of proteins belonging
to the XPR1/PHO1 family even under conditions that may be
non-optimal in other expression systems.
XPR1 is encoded by a single gene in both mouse and human and
its deletion in mouse is embryo lethal [22]. Analysis of XPR1mRNA
expression proﬁle using array databases (www.genevestiga-
tor.com) reveals a very broad expression pattern in tissues as di-
verse as brain, kidney, skin, liver, heart and lung. Interestingly, Pi
efﬂux has also been reported in a broad range of cells, such as pan-
creatic B cells [25], non-myelinated nerve ﬁbers [26], osteoclasts
[27], hepatocytes [28], myocardiocytes [29], jejunal enterocytes
[30] and cells of the renal proximal tubules [31]. Altogether, these
data indicate that control of Pi efﬂux has an important physiolog-
ical role in various tissues. Identiﬁcation of XPR1 as a phosphate
exporter will add an important new tool enabling a more thorough
analysis of the regulation and the role of Pi efﬂux on organ devel-
opment and physiology in metazoans.
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